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Photoinduced transmission was observed in the picosecond time domain in phosphorus-
doped a-Si:H and connected with deep hole traps produced by doping. The hole transport 
was found to be dispersive starting before 5 ps and temperature dependent. This shows 
that the energy distribution of shallow traps is exponential beginning below 10- 2 eV from 
the valence-band top. The deep traps are negatively charged defects, the trapped holes 
are removed from the recombination process, and their distribution peaks at 0.45 eV 
above the valence-band top. 
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We found that doping of a-Si:H profoundly 
changes its electronic relaxation response in the 
picosecond domain. In undoped a-Si:H we have 
always observed induced absorption (6.0' > 0) de-
caying in time.1 The introduction of a sufficient 
level of phosphorus, boron, or both dopants dra-
matically accelerates the decay and the response 
eventually changes its sign becoming induced 
transmission (6.0' < 0). In this communication we 
report results in phosphorus-doped (P-doped) 
samples which are interpreted as absorption by 
photogenerated carriers that after thermalization 
are trapped in the deep states produced by doping. 
This effect enabled us to study the transport of 
carriers in a time domain much shorter than ac-
cessible by other methods [time of flight2 (TOF) , 
photoconductivity3.4 (PC), photoluminescence5 (PL), 
and midgap photoabsorption6 (PA)]. For the first 
time we found evidence that dispersive transpore 
starts at very short times (before 5 ps). In addi-
tion, we obtained information about the deep 
states produced by P doping. They are hole traps, 
negatively charged when empty, and they remove 
the holes from the recombination process. By 
measuring steady-state PA we found that the 
trapped holes form a band situated about 0.45 eV 
above the valence-band top. 
The picosecond measurements were done in the 
time domain of 2 to 200 ps with the pump and 
probe technique by using a cavity-dumped passive-
ly mode-locked dye laser.1 The photon energy 
was 2 eV, the pulse duration 2 ps, the pulse ener-
gy 1 nJ, and the repetition rate 5x105 S-1. The 
a-Si:H:P films with thicknesses d"'" 1 /lm were 
prepared by glow-discharge (GD) decomposition 
of SiH4 doped with PH3 in the concentration range 
of 10- 3 to 10- 2 in the gas, with substrate tempera-
ture kept at 250°C. The photogene rated carrier 
densities per pulse"'" 3 x 1017 cm- 3. 
The photoinduced responses are shown in Fig. 
1 (6.0' = - 6.T siT sd, where T s is the optical trans-
mission and 6.T s the induced change). The ab-
sorption (6.0' > 0) is induced instantaneously (the 
pulse width broadens the response close to t =0). 
For t> 0 6.0' decays; at 300 K it decays more 
rapidly than at 80 K, passes through zero, and 
changes into induced transmission (6.0' < 0). The 
decay is faster when the doping is higher. 
In the induced-absorption region the excited 
carriers have a higher optical absorption cross 
section a1 than the cross section ao for the excita-
tion from the ground states (band to band transi-
tion); this is the case for hot carriers thermal-
ized at the band edges.8 We associate the induced 
transmission with carriers trapped in the deep 
states produced by P dopingS where their absorp-
tion cross section is 0"2 < 0"0' The decay corre-
sponds to the transport of carriers from the band 
edge into these states. In this picture, 
6.0' (t) =no(O"o - 0"2) 
x[(a1-a2)n(t)/(ao-cr2)no-1], (1) 
where no is the total photoexcited carrier denSity 
and n (t) is the density of thermalized carriers 
near the band edge. 
The curves in Fig. 1 could not be fitted with an 
exponential function for net), but their shape and 
dependence on temperature and doping could be 
fitted with expressions following from the disper-
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FIG. 1. Time dependence of photoinduced absorption 
in P-doped GD a-Si:H. Solid lines are experimental; 
dotted lines are calculated. Note the different time 
scales for different temperatures. 
sive transport theory. 7 A simple version of this 
theory, the multiple trapping (MT) model,9 gives 
strikingly good agreement. This agreement 
means that the motion of a photogene rated carrier 
towards the deep trap is dominated by the trapping 
in the shallow traps close to the band edge. From 
our results it follows that this kind of transport 
becomes operative in the first few picoseconds 
after carrier thermalization. We can explain the 
time and temperature dependence shown in Fig. 
1, by assuming that the distribution of the shallow 
traps is exponential g(E) = (N t/kT o)exp{- E /kT 0); 
Nt is the concentration of shallow traps, kTo is 
the width of the distribution, and E is measured 
from the band edge. The rate equation for the 
deep trapping process is identical to the equation 
for the monomolecular recombination. In both 
cases carriers are removed from the shallow 
traps and no longer take part in the MT process. 
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FIG. 2. Temperature dependence of the trapping 
time T derived from fitting the decays. 
riers") participate in the transport and are sub-
ject to capture by shallow traps or by deep traps 
with trapping coefficients b t and b p, respectively. 
We assume that neither kind of trap is saturated. 
The solution for the monomolecular recombination 
in the MT framework was found by Orenstein and 
KastnerlO and we interpret it for our case: 
where the trapping time constant is 
T = IJ O-
1 exp{E a/kT) 
with the activation energy 




Np is the density of deep traps, and Vo is the at-
tempt frequency of the carriers to be released 
from shallow traps. 
We fitted the experimental data by Eqs. (1) and 
(2). Since the laser pulses had finite width, we 
first deconvoluted the intensity autocorrelation 
function1 (measured by second-harmonic genera-
tion in potassium dihydrogen phosphate) from our 
data to obtain the true impulse response function.8 
From our fit we obtained the same values for the 
following three parameters for all temperatures 
and doping levels: 0"1-ao=4x10-17 cm2 , (a1-(2 )/ 
(ao - ( 2 ) = 1.8, and To = 350 K. The value of T var-
ied with temperature and doping as shown in Fig. 
2. The activation energies are 28 meV for P dop-
ing of 5x10- 3 and 40 meVfor 1x10- 3 • In Fig. 2, 
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both lines intercept at one point for l/T =0 giving 
va =2 X 1011 sol which is in reasonable agreement 
with the values obtained from TOF 2 and picosec-
ond PC4 measurements. Street, Biegelsen, and 
Knights5 have shown that Np increases 1.5 times 
when the nominal P concentration in the gas is in-
creased from 1 x 10- 3 to 5 x 10- 3. According to 
Eq. (4) the corresponding decrease in the activa-
tion energy E a should be kT a In1. 5 = 12 me V as ob-
served. 
From our data we can obtain information about 
the deep traps. Since the measured E a is close 
to kTa, it follows from Eq. (4) that the ratio btN/ 
bpNp"'" 3. If we use the estimated values of Nt 
"",102a cm- 3 (Ref. 2) andNp "",1018 cm- 3 (Ref. 5) 
we find that the ratio bp /b t has to be large ("'" 102). 
This means that the capture cross section of deep 
traps is substantially larger than that of shallow 
traps_ An estimate of the latter2 is 10-15 cm2 so 
that the capture cross section of deep traps should 
be of order 10- 13 cm2. Such large capture cross 
sections are expected for charged traps.ll Dur-
ing the time range of our experiment (200 ps) the 
induced transmission measured at 300 K did not 
start to return to Il O! = O. Therefore, the energy 
E p of deep traps (measured from the band edge) 
has to be sufficiently large to explain the lack of 
carrier release. If the release time tr = v p -1 
X exp(E p /kT) is larger than 200 ps at 300 K then 
Ep has to be larger than 0.25 eV. In this calcula-
tion, we took vp "'" 100va, since, as detailed bal-
ance ShOWS,lO,ll the attempt frequency is propor-
tional to the trapping coefficient b. Actually, as 
we show below, E p "'" 0.45 eV which corresponds 
to a release time tr "'" 3 11 s. 
We can estimate the upper limit of the drift 
mobility of carriers in thermal equilibrium with 
deep traps by using 11=I1o(No/Np )exp(-Ep /kT), 
where 110 is the band mobility and No is the ef-
fective density of states at the band edge. Taking 
the maximum reported2 11 0 "'" 13 cm2/V s , No 
"",102°cm- 3 , andNp "",10l8 cm- 3 , weobtainll"",2 
x10- 5 cm2/V s. This value is several orders 
lower than the drift mobility of about 4 xl 0- 2 cm2/ 
V s obtained by PC measurements3 in a-SI:H:P 
at t = tr = 3 11 s. We conclude that the carriers 
trapped in deep traps cannot be the carriers re-
sponsible for the PC response. Since PC in P-
doped a-Si:H is due to electrons the induce trans-
mission is due to trapped holes. Therefore the 
deep traps are negatively charged when empty. 
For finding the energy of the deep traps E p we 
measured the steady-state midgap PA.12 The 
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FIG. 3. Photoinduced absorption excited by a cw Ar+ 
laser plotted as (nwlla)2 vs nw in undoped (I) and 5 
x 10- 3 P-doped (N) GD a-Si:H at 80 and 300 K. Experi-
mental data have been multiplied by factors shown in 
the figure. 
eV, intensity 200 mW /cm2, chopping frequency 
150 SOl). The PA spectrum was measured with 
a monochromator using an incandescent light 
source in the spectral range 0.3 to 1.2 eV. In 
this experiment, Il O! is always positive because 
(Yo at these subgap energies is very small. In 
undoped a-Si:H Il O!pA - (Ilw -E t )ll2/llw and was 
ascribed to transitions of holes from the shallow 
traps into the valence band.12 The hole concentra-
tion is peaked at the quasi Fermi level E t which 
is strongly temperature dependent. This is seen 
in Fig. 3 where (Ilwll O!PA)2 is plotted versus Ilw. 
In the undoped sampleE t changes from 0.2 to 0.7 
eV when T increases from 80 to 300 K. However, 
in the P-doped sample E t "" 0.45 eV and within the 
accuracy of the measurement is temperature in-
dependent. These data indicate that E t is pinned 
by the high concentration of states introduced by 
P doping and that the hole density peaks at about 
0.45 eV above the valence band, in agreement 
with the recent measurements of the denSity of 
states in the gap by the deep-level transient spec-
troscopy technique.13 
The properties of the deep traps explain the in-
crease of the recombination time of electrons by 
P doping as seen in PC measurements. 3 Holes 
are quickly trapped in these negatively charged 
deep traps and are practically removed from the 
recombination process. Recombination is more 
probable for holes which are thermally released 
into the valence band. For times longer than tT 
andno<Np, their density isp=no (No/Np)exp(-Ep/ 
kT) "" 1012no/Np (at 300 K). Therefore the recom-
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bination time increases with increasing N p. 
In conclusion, we found that P doping of a-Si:H 
leads to induced transmission that is associated 
with deep traps which have a low optical absorp-
tion cross section for photon energy of 2 eV. We 
presented arguments for ascribing the observed 
effects to hole trapping. In this picture, the 
trapped-hole distribution peaks at 0.45 eV above 
the valence band, the empty traps are negatively 
charged defects, and the trapped holes are re-
moved from the recombination process. We found 
that dispersive transport begins before 5 ps and 
is temperature dependent. This means that the 
distribution of shallow traps near the valence 
band is exponential starting with energies smaller 
than 10- 2 eV from the band edge. 
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